Although bamboo has been used structurally for millennia, there is currently increasing interest in the development of renewable and sustainable structural bamboo products (SBPs). These SBPs are analogous to wood products such as plywood, oriented strand board and glue-laminated wood. In this study, the properties of natural Moso bamboo (Phyllostachys pubescens) are investigated to further enable the processing and design of SBPs. The radial and longitudinal density gradients in bamboo give rise to variations in the mechanical properties. Here, we measure the flexural properties of Moso bamboo in the axial direction, along with the compressive strengths in the axial and transverse directions. Based on the microstructural variations (observed with scanning electron microscopy) and extrapolated solid cell wall properties of bamboo, we develop models, which describe the experimental results well. Compared to common North American construction woods loaded along the axial direction, Moso bamboo is approximately as stiff and substantially stronger, in both flexure and compression but denser. This work contributes to critical knowledge surrounding the microstructure and mechanical properties of bamboo, which are vital to the engineering and design of sustainable SBPs.
Introduction
Bamboo has been used as a structural material for millennia. Traditional bamboo structures use entire culms for framing and woven mats for panelling [1, 2] . Recently, there has been increasing interest in engineered structural bamboo products (SBPs), analogous to engineered wood products such as plywood and glue-laminated timber [1, 2] . The use of SBPs is currently limited by the lack of material property data and appropriate building codes. This study, aimed at increasing the understanding of the structure-property relationships for Moso bamboo, is part of a larger project that includes work on processing of SBPs, on the structural, thermal and moisture performance of SBP, and on life cycle assessment.
Bamboo is an abundant, sustainable resource. According to the FAO's 2010 Forest Resource Assessment, there are 31.4 million hectares of bamboo worldwide, with 60% concentrated in the rapidly developing countries of China, India and Brazil [3] . China is one of the leading producers of bamboo; Moso bamboo (Phyllostachys pubescens), the subject of this study, is the most commercially important species in China [4] . Bamboo is ready for harvest in less than 10 years and has a greater yield per hectare and higher strength than traditional timber resources [4, 5] .
Bamboo belongs to the grass family Gramineae (Poaceae) [6] . The bamboo macrostructure consists of a generally hollow cylindrical shoot, known as a culm. The culm is divided into sections by nodes that run transversely through the culm cross section; the longitudinal sections between the nodes are known as internodes [7] . In Moso bamboo, the culm diameter and wall thickness decrease with increasing height on the culm [8] .
The structure of bamboo is considerably more heterogeneous than that of wood [7] . The majority of bamboo tissue is a composite of vascular bundles embedded in a matrix of parenchyma cells [6] . The vascular bundles consist of hollow vessels surrounded by fibrous sclerenchyma cells [6, 7] . The volume fraction of vascular bundles increases radially towards the outer part of the culm [6, 7] . A similar, but significantly more gradual, trend is observed along the & 2014 The Author(s) Published by the Royal Society. All rights reserved.
height of the culm [6, 9] . The volume fraction of solid in the vascular bundles also increases radially towards the outer part of the culm as the vessels become smaller [6] . Both the increasing volume fraction of vascular bundles, and the increasing volume fraction of solid within each vascular bundle lead to a pronounced radial density gradient in the bamboo culm, with denser tissue towards the outer part of the culm. The outer, epidermal layer of bamboo is rather hard, with a waxy surface [1] .
This radial density gradient has a profound effect on the mechanical properties of bamboo [8] [9] [10] : the axial tensile Young's modulus varies from about 5 to 25 GPa, and the axial tensile strength varies from about 100 to 800 MPa, for specimens taken from the inner and outer culm, respectively [8] [9] [10] . The compressive and flexural properties of bamboo along the grain have also been investigated [11] [12] [13] [14] ; the compressive strength increases with the height on the culm [11, 13] and decreasing moisture content [11, 14] . For example, Lo et al. [13] find the compressive strength of Moso bamboo increases with height along the culm from 45 to 65 MPa, and Lee et al. find the flexural strength increases from 70 MPa in the green state to 103 MPa for air-dried bamboo [11] . Most of these investigators probe the mechanical variation with height, and/or some other variable (age, presence of nodes and moisture content). However, very few studies attempt to capture the radial variation of mechanical properties other than tensile properties in the axial direction.
The cell wall structure and mechanical properties have been investigated by X-ray scattering and nanoindentation, respectively. In one study [15] , the cellulose microfibrillar angle (MFA) was found to be about 98, independent of radial and longitudinal position within the culm, while in a second study, the MFA was found to be 108 for the middle and outermost regions, and 448 for the innermost region of bamboo [16] . Nanoindentation of the solid sclerenchyma fibres gave reduced moduli (16.0 GPa) that did not vary significantly with radial position, suggesting that MFA does not vary considerably [15] .
Many of the studies that investigate the variation of axial tensile properties across the culm wall, report the properties with respect to fibre volume fraction [8] [9] [10] . Linear and rule of mixtures fits are then made of Young's modulus and tensile strength with respect to fibre volume fraction to model the structure, and extrapolate pure fibre properties. Other studies look at the axial properties considering both the microstructure and the macrostructure with analytical and finite-element approaches [7, 17] , those referenced use gradients found in previous studies.
SBPs are made by cutting the bamboo culm into smaller elements (e.g. strands or wafers) that may be densified by loading them across the grain, prior to bonding them into the final product. The structural performance of the SBP depends, in part, on the variability in the mechanical properties of the elements, both along and across the grain of the culm. While there have been studies on the variation in the tensile properties of bamboo along the grain with radial position, there is little information on the radial variation of the properties across the grain.
In this study, we characterize the microstructure of Moso bamboo quantitatively and measure the axial Young's modulus in bending (or modulus of elasticity, E*), axial modulus of rupture (in bending) (s to assess the effect of the radial density gradient on the mechanical properties of Moso bamboo. In addition, nanoindentation experiments were performed to determine whether there is a gradient in modulus or hardness at the cell wall level. Finally, models relating the structure and mechanical properties were developed and compared with the experimental data.
Materials
The lower 15 internodes of a dried Moso bamboo culm were obtained from Bamboo Craftsman Company (Portland, OR, USA). The outer diameter of these internodes ranged from 16.8 cm (bottom) to 12.4 cm (top), suitable for structural elements. The diameter at breast height was 13.7 cm, with an average culm wall thickness of 12.0 mm at this height. Internodes were numbered starting at zero, at the base of the culm, and increasing upwards. Specimens from internodes 3 (height from base: 25 -40 cm), 5 (50 -70 cm), 7 (85 -105 cm), 11 (175-205 cm) and 14 (260-290 cm) were characterized in this study. Age of the culm is uncertain.
Specimens were air-dried (moisture content, MC 7%). Moisture content was determined by measuring the mass of three blocks of entire culm wall thickness of the internodes 3, 5, 7, 11 and 14, before and after drying in an oven at 1038C for 24 h. The density of each specimen used for mechanical testing was determined by recording its mass and measuring the specimen dimensions with callipers. The density is plotted against radial position, r, in the culm, normalized by the culm wall thickness, a, for internodes 5, 11 and 14 in figure 1 . The density of the innermost specimens (r/a , 0.15) varies between about 500 and 650 kg m
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. The variation stems from the dense inner terminal layer which constitutes more of the specimen volume in the higher internodes, because the culm wall is thinner, making the specimens denser.
Microstructure
Uncoated bamboo specimens were imaged using a JOEL JSM-6610LV scanning electron microscope, in low vacuum mode, at a pressure of 30 Pa. Specimens were imaged in both backscatter and secondary modes. Surfaces were prepared by grinding on a Struers Rotopol-1 model polishing wheel with progressively finer silicon carbide papers: 800-grit, 1200-grit, 2400-grit and 4000-grit silicon carbide. Image analysis was performed The microstructure of the culm wall, at internode 3, is shown in the scanning electron micrograph of figure 2. The volume fraction of vascular bundles (V vb ) increases radially, from the inner to the outer wall. SEM micrographs of individual vascular bundles are shown in figure 3a,b; similar images were used to measure the solid fraction of the vascular bundles (S f ). These micrographs illustrate the increase in the volume fraction of solid within the vascular bundle, towards the outside of the culm. An SEM micrograph of a cross sectional sclerenchyma fibres within a vascular bundle are shown in figure 3c ; the fibres are rather solid, with insignificant lumens. A longitudinal section of the sclerenchyma fibres and parenchyma cells is shown in figure 3d .
The volume fractions of vascular bundles for four internodes (3, 7, 11 and 14) are plotted as a function of radial position, normalized by total culm wall thickness r/a in figure 4a. Best-fit curves, using a constant y-intercept, given below, are also shown as follows: These results are consistent with the nonlinear increase of fibre volume fraction with radial position and the values of fibre fraction found by Nogata and Amada and their coworkers (note: vascular bundle fraction and fibre volume fraction are not the same quantity, but in the plant studied the values are quite similar due to the high solids fraction of the vascular bundles) [8, 9] .
The general increase in the volume fraction of vascular bundles with radial position gets more pronounced with increasing height on the culm, consistent with the general trend of rsif.royalsocietypublishing.org J. R. Soc. Interface 11: 20140321 increasing fibre fraction with height found by Grosser & Liese [6] . Differences between the various internodes appear slight for the inner portion of the culm. The radial variation is considerably greater than the longitudinal (internode to internode) variation among the internodes studied. The volume fraction of solid within the vascular bundles is plotted as a function of radial position in figure 4b ; the data are well described by a linear fit
The vascular bundles' solid fraction increases with radial position, but not with height in the culm. The vessels clearly shrink from the inside to the periphery of the culm wall (figures 2 and 3a,b). The vascular bundles also show a change in shape with radial position. The inner and middle bundles show four distinct sclerenchyma fibre areas surrounding the vessels and appear clover shaped. The outer vascular bundles show two surrounding sclerenchyma regions and appear skull shaped. These changes are not considered in subsequent analysis. The average of relative density (or solid fraction) of the parenchyma was found to be 0.22 + 0.03, and while the parenchyma lumen size does tend to be smaller in the outermost regions of the culm, a constant value of solid fraction of the parenchyma was used for simplicity. For internode 3, the relative density of the parenchyma tissue ranged from 0.23 to 0.26, from the inner to the outer region, whereas for internode 7, it ranged from 0.18 to 0.21. Assuming that the density of the solid cell wall material is similar to that for wood (1500 kg m 23 [18 -20] ), the average density of the parenchyma cells is 330 kg m 23 . The contribution of the parenchyma to the overall density, as a function of radial position, can then obtained by multiplying this value times the volume fraction of parenchyma V p ¼ 1 2 V vb ; this is shown on figure 1 , for internode 11. The aspect ratio of the elongated brick-like parenchyma cells was 1.9 + 0.4, measured from axial-tangential cross sections of internodes 3, 7 and 11, similar to figure 3d.
Mechanical test methods

Flexure tests
Small axial bending specimens were cut at different radial positions within the culm wall thickness from internodes 5, 11 and 14 to determine the radial variation of flexural properties. The waxy epidermal layer was removed and four strips were cut by splitting. Beams were then manually cut and sanded from these strips. The beams had the following nominal dimensions: length, 100-130 mm (along the axial direction); width, 6-12 mm (along the tangential direction); and thickness, 1-4 mm (along the radial direction). The span to depth ratio was no less than 20 for each specimen (figure 5). Specimen density was measured. Three sets of specimens were taken from each internode, giving a total of 36 specimens tested in flexure. Beams were tested with outer surfaces face up, at a crosshead speed of 1 mm min
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, in three-point bending. The deflection at the centre of the beam was measured with a linear variable differential transducer, and the load was measured with a 500 N load cell.
Compression tests
Compression tests were performed in the axial, radial and tangential directions on rectangular prismatic specimens that were cut from the bulk and minimally planed and sanded to achieve a rectangular cross section. For testing in the axial direction, rectangular prisms were fabricated from internodes 3, 7 and 11. Rectangular blocks from the entire culm thickness were split in the middle to create an inner and outer piece giving a nominal thickness : width : height ratio of 1 : 2 : 2, and in the neighbouring regions, specimens were cut from the middle of the blocks with the same geometry. The aspect ratio was chosen to avoid failure by macro-buckling and obtain crushing strength values. Specimen dimensions were from 5 to 7 mm (along the radial direction): 10 to 14 mm (along the tangential direction): 10 to 14 mm (along the axial direction) (figure 5). At least three tests were performed rsif.royalsocietypublishing.org J. R. Soc. Interface 11: 20140321 using specimens at each of the various radial positions and heights. The crosshead speed was 0.5 mm min
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. Displacement was measured either using a linear variable differential transducer measuring the displacement between the compression plates or the crosshead displacement directly from the Instron; a comparison of the two methods on individual specimens gave similar results. Load was measured with a 45 kN load cell. Thirty-six axial compression tests were performed in total.
Specimens for testing in compression in the radial direction were prepared from internodes 3, 7 and 14. Rectangular pieces were cut from the entire culm wall thickness. These specimens were then split longitudinally in the middle. Specimens had a nominal thickness : width : height ratio of 1 : 1 : 2. Specimen dimensions were from 2.5 to 4 mm (along the axial direction): 2.5 to 4 mm (along the tangential direction): 5 to 8 mm (along the radial direction) (figure 5). A set of at least three tests was done using each of these types of specimens. Displacement between the compression plates was measured with a linear variable differential transducer; the crosshead speed was 0.3 mm min
. Load was measured with a 500 N load cell. Twenty-one radial compression tests were performed in total.
Tangential compressive strength specimens were prepared from internodes 3 and 7. The entire wall thickness was split into four blocks with the dimension parallel to tangential being the largest. In the case of internode 3, the inner terminal layer and the cortex were removed, whereas in internode 7 these regions were left on the innermost and outermost specimens. Specimen dimensions were from 3 to 4 mm (along the radial direction): 3 to 4 mm (along the axial direction): 6 to 8 mm (along the tangential direction) (figure 5). The load was measured with a 5 kN load cell, and the displacement was measured with the crosshead displacement or a linear variable differential transducer.
Radial compression tests were also performed in a deformation stage within the SEM (Deßen Microtest 200 N Tensile Tester). Specimens of similar geometry to those used in the Instron tests were used. Uncoated and gold-coated specimens were tested. The load was measured with a 200 N load cell and the displacement was measured using the stepper motor that drove the crosshead. The test speed was 0.1 mm min 21 . The crosshead was stopped at several points during the loading, to obtain images of the deformation. It was not possible to do axial compression tests in the deformation stage, as the specimen dimensions would have to be unreasonably small to fail using the 200 N load cell.
Nanoindentation
Nanoindentation was performed on the sclerenchyma fibre bundles using a Hysitron TriboIndenter with a Berkovich tip, and a dynamic mechanical analysis transducer. A trapezoidal loading profile with a peak load of 500 mN, 10 s hold and 5 s ramps was used. Five by five grid patterns with 25 mm separation were used, for a total of 25 indents on each fibre bundle indented. Nanoindentation was performed on internodes 3, 7 and 14. For each internode, 25 indents were made on fibres at three different radial positions: inner, middle and outer (approx., r/a ¼ 0.25, 0.50 and 0.75, respectively). Oliver-Pharr analysis of the unloading curve was used for the determination of reduced moduli [21] . The raw data suggested that the reduced modulus and hardness showed little positional effects, in either the radial or longitudinal direction. Indents were filtered for outliers using the interquartile range (IQR) of the effective depth computed from all the indents. The effective depths outside the 1.5 Â IQR of the median were removed, leaving 191 indents out of a total of 225.
Mechanical test results
A typical load-deflection curve for a bending test is shown in figure 6 . Ultimate failure always occurred on the tensile side of the beams. The flexural Young's modulus, E*, and modulus of rupture, s figure 7 and the curves in figure 8 , representing models for the flexural Young's modulus and modulus of rupture, are described in the following section.
Typical compressive stress -strain curves are shown in figure 9 . Compressive strengths for loading in the axial, radial and tangential directions are plotted against density in figure 10 . The axial compressive strength, s A , increases linearly with density, r*; the best linear fit to the data is By contrast, the radial strength is roughly constant at about 20 MPa, independent of density. The compressive strength in the tangential direction is similar to that in the radial direction, with the exception of the outermost and innermost specimens of internode 7, which included, respectively, the hard outer cortex and the inner terminal layer, with thick-walled parenchyma cells elongated on the tangential direction. The dense epidermal layer and terminal layer bear higher stresses when loaded in the tangential direction than in the radial direction. The lines on figure 10 represent the axial model, described in the following section, and the radial average.
The axial compressive data, plotted against normalized radial position, r/a, within the culm, for each internode (3, 7 and 11) , are shown in figure 11 ; the curves, representing models for the compressive strengths, are described in the following section.
Deformation stage tests in the SEM indicate that in radial compression, the bamboo fails by collapse of the vessels in the vascular bundles (figures 12 and 13). We note that the higher magnification images in figure 13 clearly show the vascular bundles collapsing, with little deformation visible in the parenchyma tissue.
The average reduced modulus and hardness, from nanoindentation of the solid cell wall in the sclerenchyma fibres, ). The reduced modulus obtained from nanoindentation is also significantly lower than the axial Young's modulus of the densest specimens (20 GPa) . This underestimation is due to anisotropy in the cell wall; contact experiments, by their design, measure a combination of the transverse and axial properties. The reduced modulus of wood cell wall has been found to depend on the anisotropic elastic constants [22, 23] . The transverse fibre Young's modulus of bamboo is likely substantially less than the axial value, as is the case in wood, where, for example, the transverse and axial moduli for the solid cell wall are 10 and 35 GPa, respectively [24] .
Modelling
The structure of Moso bamboo can be modelled as a fibre composite, with the vascular bundles acting as the fibre and the parenchyma as the matrix. In this model, we assume that the properties of the solid in both the vascular bundles and the parenchyma are the same.
Young's modulus
Young's modulus of the bamboo, E Ã A , in the axial direction is then
where E p and E vb are Young's moduli of the parenchyma and vascular bundles, respectively, and V p and V vb are their respective volume fractions. The parenchyma cells are roughly aligned, but have substantial curvature in many of the cell walls and are relatively equiaxed compared with fibres: they resemble a closed cell foam with curved cell walls (figure 3). Previous studies on closed-cell aluminium foams with curved cell walls have found that they behave mechanically like open-cell foams: the modulus varies with relative density squared and the compressive strength varies with relative density raised to the 3/2 power; these relationships describe the modulus and strength up to relative densities of 0.3 [25] . Our estimate of Young's modulus of the parenchyma is
where E s is Young's modulus of the solid cell wall material. rsif.royalsocietypublishing.org J. R. Soc. Interface 11: 20140321
The relative density of the parenchyma (r*/r s ) p is roughly constant, at 0.22, throughout the Moso bamboo culm. We assume that the solid cell wall moduli of the parenchyma and the fibres are the same. Taking E s ¼ 39.8 GPa, extrapolated from our bending tests, E p is 1.93 GPa. Young's modulus of the vascular bundles can be estimated from the solid fraction of the bundles, S f (figure 4b), and the solid cell wall modulus, E s ¼ 39.8 GPa, so that
The dependence of the axial modulus with density can then be found given the dependence of the vascular bundle volume fraction, V vb , and solids fraction, S f , on radial and internode number (longitudinal position) (figure 4) and the radial position and density of each of the flexural specimens. For each of the flexural test specimens, for r/a . 0.15, the vascular bundle volume fraction and solids fraction were calculated based on each specimen's radial position and internode number using the best-fit curves to the data in figure 4 (equations (3.1)-(3.6)). The calculated values of V vb and V vb S f are plotted against specimen density, r* in figure 14 . At zero volume fraction of vascular bundles, the tissue is entirely parenchyma, with an average density equal to the relative density of the parenchyma times the solid cell wall density; using (r*/r s ) p ¼ 0. The linear fits are also shown in figure 14 . Substituting equations (6.4) and (6.5) into equation (6.3) then gives the dependence of the axial Young's modulus on density. The model is plotted along with the data for the specimens with r/a . 0.15 in figure 7a ; it overpredicts the modulus slightly at lower densities and gives a good description of the data at higher densities. The model is valid for densities above 330 kg m
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, corresponding to all parenchyma tissue. The lowest measured density of the flexural specimens was roughly 460 kg m
, which occurred at r/a 0.30 in internode 5. The lowest density occurs in the second innermost position due to the terminal layer on the innermost specimens. At this density, the tissue is estimated to have roughly 88% parenchyma and 12% vascular bundles.
The modulus of the 'innermost' tissue represented in figure 7a , at r/a , 0.15, is roughly constant at 5.13 GPa. The density of these specimens varies between about 500 and 650 kg m their prism axis in the tangential direction [26] , so that in the bending tests, they are relatively compliant. This model can also be applied to the variation in Young's modulus with radial and internode position (figure 8a), using the best-fit curves for the volume fraction of vascular bundles, V vb , and the solid fraction within the vascular bundles, S f , as a function of the radial position, r/a ( figure 4,  equations (3.1)-(3.6) ). The model gives a good description of the results for internodes 11 and 14, but overpredicts the data for internode 5.
Modulus of rupture
The modulus of rupture of bamboo, for loading in the axial direction, can be estimated using the rule of mixtures:
where s fs is the modulus of rupture of the solid cell wall material, estimated by extrapolating the bending strength results to a relative density of 1 (s fs ¼ 472 MPa). The rule of mixtures for the strength is a simplification of composites failure, but often predicts experimental results well [27, 28] . The first term models the parenchyma contribution as that of an open-cell foam [18] , similar to previous results on closedcell aluminium foams with curved cell walls [25] ; for the constant relative density of 0.22 of the parenchyma, its modulus of rupture is 14.6 MPa. The second term gives the vascular bundle contribution. The dependence of the modulus of rupture of bamboo on density can then be obtained using equations (6.4) and (6.5). The model is shown in figure 7b ; it gives a good description of the modulus of rupture of the bamboo for the specimens with r/a . 0.15. As for Young's modulus, the model is valid for densities greater than 330 kg m The model can also be applied to the variation in the modulus of rupture with radial position (figure 8b), using the best-fit curves for the volume fraction of vascular bundles, V vb , and the solid fraction within the vascular bundles, S f , as a function of the radial position, r/a ( figure 4, equations ((3.1)-(3.6) ). The model gives a good description of the data.
Axial compressive strength
The compressive strength in the axial direction is modelled in a similar way
where s s is the compressive strength, in the axial direction, of the solid cell wall material, extrapolated from the compression test results at a relative density of 1 (s s ¼ 248 MPa). In equation (6.7), the strength of the parenchyma is modelled assuming cell wall bending and failure by plastic hinges [18] . Thus, the solid cell wall modulus of rupture (s fs ¼ 472 MPa) is used. Substituting equations (6.4) and (6.5) into equation (6.7) gives the model for the axial compressive strength in terms of density. The solid black line on figure 10 corresponds to the model; it predicts the compressive strength over the range of densities of bamboo tested fairly well. The model is valid for densities over 330 kg m
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, corresponding to all parenchyma. This model can also be applied to the variation in the compressive strength in the axial direction with radial and internode position (figure 11), using the best-fit curves for the volume fraction of vascular bundles, V vb , and the solid fraction within the vascular bundles, S f , as a function of the radial position, r/a ( figure 4, equations ((3.1)-(3.6) ). The model follows the same trend as the data, but somewhat underpredicts it.
Transverse compressive strength
The transverse compressive strength showed little density dependence, except at the highest densities, for which the terminal layer or epidermal layer increased the strength. The overall lack of density dependence is not surprising, considering that the transverse compressive strength of fibre-reinforced composites is thought to be independent of fibre volume fraction [29] . However, deformation stage results (figures 12 and 13) suggest transverse compressive failure occurs by crushing of the vessels in the vascular bundles. We note that the volume fraction of vessels, V vb (1 2 S f ), is roughly constant with radial position, r/a and with density, consistent with the roughly constant transverse compressive strength.
Discussion
Moso bamboo has both a radial and longitudinal density gradient as a result of the variation in the volume fraction and solids fraction of the vascular bundles (figures 2 and 4). We have used our measurements of the vascular bundle volume fraction and solids fraction and the overall density to develop models for the mechanical properties of bamboo based on both density and radial position.
The flexural modulus and strength in the axial direction, of all but the innermost specimens at r/a , 0.15, increase linearly with density, demonstrating the same general trend as wood [18] . The axial flexural Young's modulus varies from about 5 to 20 GPa (figures 7a and 8a), in good agreement with data for tensile moduli from the literature [9, 10] . The modulus of rupture has a range from 50 to 250 MPa, slightly lower than the range of the majority of literature for tensile strength (100-400 MPa) [8] [9] [10] . The variation of these flexural properties with density is similar to that found by Li [30] .
The extrapolated Young's modulus of the solid cell wall, E s ¼ 39. [8] [9] [10] . The extrapolated modulus of rupture of the cell wall, s fs ¼ 472 MPa, is lower than extrapolated tensile strengths (580-810 MPa) [8] [9] [10] . These results suggest that the modulus of rupture is a conservative estimate of tensile strength, much like modulus of rupture for clear wood [31] .
The model for Young's modulus in the axial direction somewhat overpredicts the data at low densities and radial positions (figures 7a and 8a). We have assumed that Young's modulus of the solid cell wall is the same for the rsif.royalsocietypublishing.org J. R. Soc. Interface 11: 20140321 parenchyma and sclerenchyma (equation (6.3)); this likely causes an overestimation of the parenchyma's role in axial elasticity, which manifests at higher fractions of parenchyma, corresponding to lower densities and radial positions. Despite the overprediction, the modelled Young's modulus captures the general range and variation of the experimental values. The model for the modulus of rupture in the axial direction predicts the experimental values well (figures 7b and 8b), suggesting that the parenchyma strength is not overpredicted in equation (6.5) , and that the parenchyma contributes to the flexural strength of bamboo.
The innermost specimens, at r/a , 0.15, show relatively constant Young's modulus and modulus of rupture with density. For r/a , 0.15, the volume fraction of vascular bundles and their solid fraction are about constant; the variation in density, between about 500 and 650 kg m
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, largely arises from the dense terminal layer. The model, using the value for the vascular bundle volume fraction and solid fraction at r/a ¼ 0.10, gives a good estimate of Young's modulus of the innermost specimens. The innermost specimens also have a roughly constant value of modulus of rupture, for the same reason.
The compressive strength of Moso bamboo in the axial direction increases linearly with density, from 40 to 110 MPa (figure 10), similar to the trend of flexural properties of bamboo and to that of wood [18] . Literature values, from 45 to 65 MPa, have been obtained on tests on short longitudinal specimens of the entire culm [13] , which include both lowand high-density regions of the culm. Additional factors, such as moisture content, specimen size, aspect ratio may also contribute to the difference in the data. The moisture content for the specimens in this study is about 7%, while that for a previous study is about 12% [13] . Moso bamboo shows a steep decrease in its compressive strength with increasing moisture content [14] , similar to wood [32] . The model for the compressive strength predicts the experimental values well (figures 10 and 11). The radial and tangential compressive strengths of Moso bamboo are roughly constant with density ( figure 10 ). Deformation stage results suggest that transverse compressive failure occurs by crushing of the vessels of vascular bundles (figures 12 and 13), consistent with the roughly constant volume fraction of vessels. It was somewhat surprising that the parenchyma did not fail in transverse loading, but there was little indication of this failure mechanism.
The axial properties of Moso bamboo scale linearly with density, similar to wood as previously mentioned. However, in the case of bamboo, relationships between the axial properties (Young's modulus, modulus of rupture and compressive strength) and density are not proportional as is the case with wood [18] . This deviation from proportionality arises from the composite-like structure of bamboo, consisting mainly of sclerenchyma fibres and parenchyma each of different relative densities. The wood structure resembles a honeycomb, in which the density variation is due to differences in the fibre cell wall thickness relative to the fibre cell size [18, 33] . In bamboo, the density variation is due to different proportions of the constituents. Our model accounts for the variation in the fractions of parenchyma and vascular bundles and applies simple cellular material models to these constituents. In the model, cell wall properties of both the fibres and the parenchyma are assumed to be the same and are obtained from fits of the data (equations (5.1)-(5.3)) extrapolated to the density of the solid cell wall (r s ¼ 1500 kg m
). Flexure was investigated due to its importance for structures. Unfortunately, the modulus of rupture is not a fundamental materials strength property, as flexural strength is governed by both tensile and compressive behaviour, and is calculated assuming linear elasticity [34] . This fact complicates the extrapolation of the solid cell wall modulus of rupture, s fs and subsequent modelling. The extrapolation and modelling of modulus of rupture tacitly assumes the property behaves like tensile strength. For wood, the modulus of rupture is a conservative estimate of tensile strength and considered a quality material property for beams of different sizes and species [31, 34] . Based on the tensile results of others [8] [9] [10] , this appears to be the case for Moso bamboo justifying the model to an extent. The model's good agreement with the experimental data provides some verification of this assumption.
The mechanical properties of Moso bamboo can be compared to North American softwoods commonly used for structural purposes (table 2), such as eastern white pine, Douglas fir and white spruce. Young's modulus is comparable (except for Douglas fir, which is higher than Moso bamboo), while the modulus of rupture and compressive strength of the bamboo are much higher than the above softwoods; the average density of Moso bamboo is significantly higher than all of these softwoods [31] . Comparison of transverse data is unclear, as most transverse data on wood is performed using a practical engineering test that has some indentation character [35] .
It is important to note that the average density of the Moso bamboo studied is significantly higher than that of any of these softwoods and is similar to that of northern red oak, a commercially important North American hardwood. Our data for Moso bamboo indicates that it is 31% stronger in bending, 15% less stiff and 48% stronger in compression than red oak [31] . It is worth noting that while the compressive strength Table 2 . Comparisons of Moso bamboo and North American wood properties [31] . Note: wood properties at 12% moisture content. Moso bamboo average density, Young's modulus and modulus of rupture are those of flexure specimens for r/a . 0.15. Moso average axial compressive strength is from all axial compression specimens. results are impressive, Young's modulus determined from bending tests is comparatively low when compared with wood, suggesting that structural Moso bamboo members in compression could be limited by buckling. Also it should be noted the wood properties were determined with larger specimens of higher moisture content.
Conclusion
The Moso bamboo structure is clearly graded, and the volume fraction of vascular bundles is significantly higher in the outer regions of the culm wall. In addition to bamboo's vascular bundle volume fraction increasing radially, their solid fraction increases radially as well. Nanoindentation results suggest the fibres' properties do not vary greatly with position in the culm. The mechanical properties show significant variation with radial position. Axial properties increase linearly with density, while the transverse compressive strength shows little variation. Compared with North American softwoods, Moso bamboo is stronger, approximately as stiff, but significantly denser. From this study, stiffness and weight requirements would seem to be a possible limiting factor in the design and use of Moso bamboo. Additionally, the density and strength would likely present difficulties in the processing of Moso bamboo; traditional wood processing techniques would likely need to be modified to account for this as well as bamboo's tubular geometry.
Moso bamboo can be modelled as a fibre-reinforced composite, with a parenchyma matrix and vascular bundle fibres as a first approximation. The experimental Young's modulus and models created from images suggest that the sclerenchyma fibres dominate axial elasticity. The relatively good agreement of models of axial strengths (modulus of rupture and compressive strength) with experimental data suggests there is a significant contribution from the parenchyma, which can be approximated as a foam with solid cell wall strengths similar to those of the fibre.
